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Abstract
Heating, ventilation and air conditioning (HVAC) is the technology of indoor
and vehicular environmental comfort with the goal to provide thermal com-
fort and acceptable indoor air quality. The US HVAC market is currently
worth $57 billion and refrigerant leakage is one of the major causes for con-
cern in the current era of the market. The primary goal of this project is
to reduce braze joint refrigerant leaks by 25% which would reduce the an-
nual unitary rooftop leak rate of 4% to 3%. Though the goal of braze joint
leak reduction is a noble one, the realities of business do necessitate that the
brazing advancement comes at a cost that is equal to or better than today’s
brazing techniques leading up to the second goal for this project, to utilize
the microengineered surface structures to decrease the amount of braze al-
loy and flux materials required for brazing by 10%. In this project, early
results have shown reduction in braze joint leaks by 38% thereby equating
to a saving of $1.78 billion dollars of US energy consumption bills per year
if implemented. While still in the testing phase, the 10% reduction in alloy
and flux material consumption could save the funding company, Trane INC
a total of $300,000 per year.
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Brazing has become an indispensable tool of the metal fabrication engineer,
one of the main advantages of this production method being its versatility
associated with the large variety of the brazing materials and techniques
available to the prospective user. Not so long ago, the 50-50 brass was the
only industrial brazing alloy; a list of all the brazing alloys that have sub-
sequently been developed would run into hundreds and would by no means
be complete, since practically any metal or alloy can, with the obvious reser-
vations, be regarded as a potential brazing medium. This profusion of the
brazing materials, coupled with the rapid advances in the developments of
new brazing techniques, is a mixed blessing. On one hand, it has made it
possible to braze almost any combination of similar and dissimilar metals, to
join certain non-metallic materials, to fabricate complex assemblies requiring
the application of multi-stage, step-by-step brazing techniques, and to meet
a wide range of requirements regarding the performance of brazed joints. On
the other, it has created a host of new problems, one major is the refrigerant
leakage in HVAC systems.
Ingersoll Rand announced in 2014 a Climate Commitment to increase
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energy efficiency and reduce environmental impact from our operations and
product portfolio to result in 20.85 million metric tons of CO2e avoidance
globally by 2020. Though Ingersoll Rand has a roadmap in place to achieve
its goals for CO2e avoidance, it is believed that there are other potential
technologies that could be used to help in the research and the industry to
exceed those goals. One of these high-impact areas is in the improvement
of braze joint sealing technology in commercial unitary chillers, which would
significantly reduce refrigerant leakage in these units. Reducing the refrig-
erant leakage through improved braze joints has the potential to generate
significant energy savings and direct CO2 emissions reductions.
The braze joints in question connect refrigerant circuits, create air to
refrigerant heat exchangers and provide refrigerant containment. Although
qualification occurs during design, manufacture, and testing of braze joints,
unavoidable leaks form due to the variance of connecting materials, braz-
ing alloys and fluxes, manufacturing processes, long life spans and the wide
environmental conditions that the equipment may see. Loss of refrigerant
through a leaking braze joint has a detrimental impact to society through
two separate mechanisms:
Direct global warming potential (GWP) emmisions - With
HFCs being the predominant refrigerants used in the United States, any
loss of refrigerant due to improper braze joint quality or strength leads to
direct global warming emissions. Though the emissions impact may vary
with different refrigerants used, reduction of leaks does reduce the total CO2
equivalent emissions impact.
Direct increase in energy use - As noted previously, refrigerant
leakage in commercial rooftop chillers causes a direct increase in its energy
use, resulting in significant wasted energy. The increased energy consump-
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tion results in what is termed indirect global warming potential as additional
CO2 emissions are created at any fossil fuel based electricity power genera-
tion facility. Additionally, the HVACR industry has been developing lower
charge solutions to improve chiller footprint, efficiency, and cost-effectiveness,
which become increasingly important as EPA and industry move toward the
use of low GWP refrigerants. Studies for residential systems have shown great
variation in the relationship of charge sensitivity to energy efficiency, and in
commercial applications this variation can be similar. Further, charge sen-
sitivity to efficiency levels tend to increase in low charge systems, making it
even more critical to reduce refrigerant leaks in order to maintain equipment
performance. Maintenance of acceptable charge levels in the equipment is
critical to the equipment’s life cycle performance, and hence improved braz-
ing technology with reduced leak rates will directly increase the time averaged
performance and longevity of HVACR equipment.
Though reduction of refrigerant leakage would have a dramatic impact
on direct and indirect GWP emissions, little emphasis or research has been
placed at this point on improvements of brazing technologies for decreased
leakage. The primary focus of most of the HVACR industry has been on
reducing first cost of the manufacturing of equipment systems. Subsequently,
most brazing improvements have come in terms of ease of manufacturing to
reduce cost of labor for brazing and new materials to reduce brazing labor
costs. Little to no research has been conducted on improvements in surface
geometry to improve brazing.
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1.1.2 Project Goal
The primary goal is to reduce braze joint refrigerant leaks by 25%. This
would move an estimated unitary rooftop annual leak rate of 4% to 3%.
This would reduce the unitary rooftop annual leak rate from 4% to 3%. Any
potential technology developed could also be used in other commercial HVAC
products like chillers, air handlers, DX fan coils and variable refrigerant vol-
ume products. Additionally, the technology could branch to other adjacent
industries such as residential HVAC, stationary refrigeration and transport
refrigeration.
Though the goal of braze joint leak reduction is a noble one, the
realities of business do necessitate that the brazing advancement comes at a
cost that is equal to or better than todays brazing techniques. The techniques
for enhancing the braze joint must be manufacturable and cost effective.
Therefore, a secondary goal for this project is to utilize the microengineered
surface structures to decrease the amount of braze alloy and flux materials
required for brazing by 10%. A reduction in braze materials will offset any
increase in cost associated with surface enhancement creation.
Current brazing techniques do lead to a number of braze joints that
leak in-house and are reworked or the entire component is scrapped. This
internal poor braze quality cost can be significant depending upon the size
of equipment, number of joints requiring rework, labor costs associated with
rework and/or component scrap cost. The proposed project will additionally
address this internal braze quality issue and work to reduce that rework/scrap
rate by 10%.
Additionally, braze joint leaks cause issues in the field after customers
have received products. The early on, infant mortality leaks that may be
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cause by poor joint quality not only cause refrigerants leaks, but also require
manufacturers to repair equipment under warranty. Though not a hard target
under this project because it cannot be assessed and measured until used in
production, the long term goal is to reduce warranty costs associated with
braze joint leaks by 20%.
1.2 Technical Description, Innovation and Impact
1.2.1 Relevance and Outcomes
Though commercial and residential HVAC equipment has multiple potential
pathways for refrigerant leakage, one of the common occurrences of leaks
comes from braze joints. Though most HVAC&R manufacturers conduct
leak checks of their components and coils to ensure that the products leaving
their manufacturing facilities do not leak, the stress and strain of shipping
and actual operation causes weak joints to leak. Globally, hundreds of mil-
lions of braze joints are made annually during the creation of HVAC equip-
ment. These include coil joints, coil connections, interconnecting piping and
component connections. Though most manufacturers prove out their brazing
processes, even miniscule variations in brazing processes can create potential
leaks during the lifespan of a product. While small leaks do not cause imme-
diate failure, these leaks impact the efficiency of the equipment by restricting
the amount of refrigerant available in the system. This impacts direct effi-
ciency and capacity of the equipment, causing the equipment to run longer
rather than shutting or reducing in capacity if variable speed.
These brazing process quality issues arise from the braze alloy spread-
ing mechanism, particularly in joints with complex geometries: 1) brazing
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alloys have difficulty spreading over large areas or climbing on non-horizontal
surfaces, 2) if the braze alloy is applied in excess and accumulates away from
the joining areas, it will form droplets which cause damage to the compo-
nents, and 3) if the braze alloy does not fill the whole joining area evenly, the
joint strength suffers and cracks initiate during cyclic thermal loading. All of
these detrimental effects act to increase refrigerant leak rates of braze joints
made using current practice. Due to the relatively low wetting contact angle
of most braze alloys on smooth surfaces (18 < θ < 23 ◦), the appropriate
roughening of the surfaces to be joined can: 1) achieve enhanced capillarity
and braze retention where it is needed, and 2) prevent braze from propa-
gating to unwanted areas through liquid contact line pinning. The optimum
roughness length scale and geometry will be engineered such that the capil-
lary pressure inside the structures is maximized, while viscous dissipation is
minimized, allowing the braze alloy to spread to the desired areas. To gener-
ate the microstructural features on the metallic surfaces, automated sanding
and milling will be used. Sanding and milling techniques ensure material
consistency between the metallic substrate and micro features, and avoids
thermal expansion mismatch induced damage. The focus for this project
would be on commercial HVAC copper to copper manual braze joints. These
manual braze joints have more variability in manufacturing processes and
presumably see more leaks during the lifespan of a commercial HVAC prod-
uct. Though the initial focus will be on the bell and flare tube to U-tube
types of joints, Ingersoll Rand believes that proving out of this concept al-
lows for further activities to improve other braze joint and materials joining
such as aluminum to aluminum joints, dissimilar metal joining and use for
improvements of automated braze joint quality. The techniques developed
could also be utilized for different refrigerant bearing applications such as
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residential HVAC, commercial and industrial refrigeration, transport refrig-
eration and other industrial braze processes.
This new brazing technique could also branch to other non-refrigerant
bearing brazed equipment. Though the impact in other applications would
not be in the prevention of refrigerant leakage, the potential exists to reduce
the amount of braze materials used. This reduction in use also results in the
reduction in energy expenditure during the brazing process by minimizing
the energy used to heat up metal to braze melt temperatures (≈1000◦C).
Additionally, the reduction in consumption of expensive braze materials will
result in a cost reduction to the manufacturer as less braze is needed to pro-
duce the same part, and a reduction in braze material demand and hence
energy consumption during mining, refining and making of the braze mate-
rials.
1.2.2 Feasibility
Though little research has been conducted at this point on developing mi-
crostructure geometries for improved brazing, a great deal of research has
been and is currently ongoing in the area of engineered surfaces for use in
HVAC&R equipment. Most of this research has focused on improvements
in evaporating performance, condensing performance, water retention reduc-
tion, and ice prevention, with very promising results having high industrial
potential. This proposal shifts the use of engineered surfaces from heat ex-
changer performance improvement to improvements in manufacturing. As
with the heat exchanger engineered surface research, however, the key lies
in both the determination of the optimum surface morphology (roughness,
length scale, wettability) and the surface cost effectiveness. Our strategy
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consists of using microengineered surfaces to:
1. Enhance and improve the strength and robustness of braze joints through
improvements in the wicking of braze flux and alloy to the areas needed
2. Optimize the use of braze flux and alloy to reduce the amount of ex-
pensive braze materials used and offset any cost incurred by having to
add the microstructure
1.2.3 Innovation and Impact
Over the course of the last two decades brazing technologies have focused
on improvements in tube materials, new braze materials, and removal of
variability of manual brazing via automation. However, these improvements
have not focused on the primary issue of poor braze joint quality, which is
caused by inadequate or overuse of braze flux and alloy during the process
of brazing that results in poor filling of brazing gaps. While existing brazing
improvements may be evolutionary in terms of progress, the proposed tech-
nique her is transformational as it focuses on the primary deficiency found
in poor quality braze joints. These braze improvements shall come through
use of brazephilic and brazephobic engineered surfaces.
Funding from the DOE will be critical for the development of this
technology as very few public or private agencies exist that fund collabora-
tive industry-academic applied and transformative efforts for energy related
technologies. If successful, the project would result in a 25% reduction in
annual refrigerant leak rate. Assuming a commercial HVAC refrigeration
systems used for comfort cooling and heating reduce in average annual leak
rates from 4% to 3% annually, the annual energy savings for a fifteen year
lifespan equates to 50.7 TBtu (0.05 Quads). For the life of the products,
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however, this energy savings equates to 760.2 TBtu (0.76 Quads). Potential
application of the technology to residential HVAC heating and cooling sys-
tems could yield an additional 80.1 TBtu (0.08 Quads) annual energy savings




Many quality issues during the brazing process arise from the braze alloy
spreading mechanism, particularly in joints with complex geometry:
1. brazing alloys have difficulty spreading over large areas or climbing on
non-horizontal surfaces
2. if the braze alloy is applied in excess, it will form droplets which cause
damage to the components
3. if the braze alloy does not fill the joining area evenly, the joint strength
suffers and a cracks initiated during cyclic thermal loading
This calls for some serious and thorough assessment of various avail-
able and feasible structural techniques [1].
2.1 Micro-scaled Surface Modifications
2.1.1 Brazephilic Surfaces - Enhanced Braze Wettability
Due to the relatively low wetting contact angle of most alloys on smooth
surfaces (18 < θ < 23 ◦), the appropriate roughening of the surfaces to be
joined can:
1. achieve enhanced capillarity and braze retention where it is needed
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2. prevent braze from propagating to unwanted areas through liquid con-
tact line pinning
The optimum roughness length scale and geometry will be engineered
such that the capillary pressure inside the structures is maximized, while vis-
cous dissipation during flow is minimized, allowing the braze alloy to spread
to the optimum areas. To generate the microstructural features on the metal-
lic surfaces, milling and sanding were used to generate topographical surface
modifications. The sanding and milling techniques ensure that material con-
sistency between the metallic substrate and micro features, and avoids CTE
mismatch induced damage. Furthermore, milling and grinding techniques
are scalable, cheap, and relatively easy to implement as additional steps in
the part manufacturing sequence.
Figure 2.1: Schematic of the equilibrium contact angle. (b) Side view and
(c) top view of structured surface with evenly spaced pillars on a square
grid. (d) Schematic and (e) image of a water droplet in Wenzel wetting
state. (f) Schematic and (g) image of a water droplet in Cassie wetting
state [Image taken from Ref: [2] with permission from Royal Society of
Chemistry]
In order to understand what kind of engineered features are needed to
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control (enhance or reduce) capillary wicking, the thermodynamics of wetting
is examined. A melted braze droplet residing on a smooth metallic surface
is characterized by the equilibrium contact angle θ, which is dictated by the
surface energies of the three phases in contact. A force balance [3] at the





where γsv, γsl, and γlv are the solid/vapor, solid/liquid, and liquid/vapor
surface energies, respectively (Fig.2.1a). Roughening the surface with engi-
neered micro asperities, Eq.(2.1) is modified. For a surface with roughness,
r, defined by the ratio of the total surface area to the projected area (Figs.
2.1b and 2.1c), if the droplet wets the total surface area beneath it (Figs.
2.1d and 2.1e), the droplet is in Wenzel state [4], and the apparent contact
angle, θw, is defined by:
Cos θw = rCos θ (2.2)
For the contrasting case where the droplet rests on the tips of the
roughness (Figs. 2.1f and 2.1g), the droplet is in the Cassie state [5, 6], and
the apparent contact angle, θc, is defined by:
Cos θc = ϕ(Cos θ + 1)− 1 (2.3)
where the solid fraction ϕ is the ratio of the structure or roughness
area contacting the droplet to the projected area. For brazing applications,
the Wenzel state desired due to its ability to spontaneously wet the surface
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and wick into the asperities. Conversely, to stop the flow of braze material,
the Cassie state is desired which allows the melted braze to be pinned and
halt its motion.
Given the preference for the Wenzel wetting state, the criteria re-
quired for spontaneous wetting of the surface was determined. Since the
solid is textured, it can be considered as a kind of porous material, in/on
which the melted braze is absorbed. This is a rather particular imbibition,
since this porous material is approximately two-dimensional. Consequently, a
liquid/air interface must develop during the imbibition termed hemi-wicking,
since it is intermediate between spreading and imbibition. Thus, the condi-
tion for this process to take place is the intermediate between the spreading
and imbibition criteria (θ = 0 and θ = 90◦, respectively). If a film propagates
from a deposited braze droplet, a small amount of liquid is sucked into the
texture, and the remaining droplet sits on a patchwork of solid and liquid.
Performing an energy analysis on an advancing front entering reveals that







The hemi wicking criteria allows for designing structured surface ge-
ometries and chosing the roughness needed in order to maximize melted
braze wicking. Figure 2.2 shows the non-dimensional hemi-wicking criteria
as a function of solid fraction, indicating that the hemi-wicking will be spon-
taneous for any roughness and solid fraction given the fairly low wetting
angle of the braze material on metals.
The key to this concept will be keeping the surfaces clean after rough-
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ening as increase in the equilibrium contact angle due to contamination will
decrease hemi-wicking (Fig. 2.2). To ensure this, standard cleaning proce-
dures which are already in place such as solvent cleaning for brazing practices
will be used.
Figure 2.2: Normalized hemi-wicking condition as a function of surface
solid fraction (ϕ) and roughness (r) for two intrinsic wetting contact angles
(θ = 25◦, and 60◦). When the normalized hemi-wicking condition (y-axis)
is below 1, spontaneous hemi-wicking will occur, and the melted braze will
spontaneously fill the surface roughness. Typical melted braze materials
have an equilibrium contact angle of 25◦, indicating that for a variety of
different roughness and solid fraction, our proposed concept should work
well. The θ = 60◦ result is included to show the effect of surfaces that have
been contaminated and not cleaned (which typically have larger contact
angle), and potential to eliminate hemi-wicking. [Image taken from Ref: [1]
with permission from Elsevier Science B.V.]
2.1.2 Brazephobic Surfaces - Reduced Braze Wettability
Although the results of Figure 2.2 show that any level of surface roughening
will create enhanced hemi-wicking, enhanced braze wicking is not always
beneficial. For example, the ideal braze joint would have the braze material
flow between the two surfaces, and stop flowing once the end of the gap
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separating the surfaces is reached. This would eliminate braze material waste,
as well as improve the quality of the joint by ensuring that braze material
fills the gap. To create surfaces which can stop the flow of braze material, it
is necessary to rely on surface engineering.
By adding a sharp channel or groove perpendicular to the braze-flow
direction at locations where flow needs to be arrested,Gibbs criteria of pin-
ning can be taken advantage of [9–11]. Figure 2.3 depicts the situation of
melted braze material approaching a sharp groove surface perpendicular to
the flow. As the melt front advances with the help of surface wettability or
capillary action (Fig. 2.3a, 2.3b), it encounters the edge of the groove (Fig.
2.3c). The contact line will pin at the top-left corner, and not advance until
the Gibbs criteria is satisfied, mainly until the advancing contact angle is
reached on the vertical left wall. If flow continues to proceed while the front
is pinned, the fluid will not move, and the liquid-vapor interface will rotate
about the corner.
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Figure 2.3: Schematic timelapse of the approach of the braze contact line
towards a perpendicular groove (contact line moves from left to right).
Pinning on the groove edge ensures that the braze flow stops until the
satisfaction of Gibbs criteria
2.1.3 Brazephobic/Brazephilic surfaces for Enhanced Control
of Brazing
Based on the physical principles outlined above, it is proposed to use a combi-
nation of machining with automated sanding in order to prepare the metallic
surfaces prior to brazing. The gap thickness between brazing surfaces has a
large effect on the ultimate tensile strength of the joint. Prior studies suggest
that braze filler material be no more than 100 µm thick, putting a hard limit
on the maximum length scale allowable for our roughness features. With this
in mind, automated sanding shall be used to roughen the metallic surfaces
prior to brazing. The choice of sanding material and roughness size will be
dependent on how well the sanded material is removed after sanding, and
the size of sanded features. In general, the orientation of sanding will need
to be randomized in order to create isotropic conditions for hemi-wicking to
16
occur. Roughness features of 10, 20, 30, 50 and 100 µm will all be evaluated
based on their hemi-wicking ability, and tensile strength.
In order to create the braze-stop, the surfaces will be scored with a
tool to create a longitudinal groove perpendicular to the braze flow. The
sanded regions will lie in between the grooves which will be placed on either
end of the pieces to be brazed (Fig. 2.4).
Figure 2.4: (a-c) Schematic timelapse of the proposed concept with
brazephilic sanded areas and brazephobic grooves on the plate surface. (b)
During heating, the braze melts and is pulled into the sanded region where
hemi-wicking occurs due to enhanced wettability. (c) Once the braze
material reaches the grooves (brazephobic), the advancing contact line pins,
and the melted material fails to propagate any further. (d) Copper to
copper braze joint geometry for initial project focus with sanded brazephilic
areas and milled brazephobic grooves depicted
2.2 Nano-scaled Surface Modifications
2.2.1 Nanoscale Sculpting for surface roughness
It is widely know that the limiting factor for all metal surface applications is
the surface characteristics of the metal. Conventional practices as discussed
earlier are sanding or scoring to change the grain structure. In contrast, the
technique of nanoscale-surface sculpting to turn conventional surfaces using
semiconductor etching helps create more controlled and stable configurations
while not altering the bulk properties. Thereby, it could help in getting more
reliable joints which are not only stronger but also more corrosion resistant.
17
Sculpturing [12–14] is the process of having the right balance between
direct (defect etching) and indirect dissolution (electropolishing). This helps
to both control the topographical surface as well as the chemical composition
near the target area. The main advantage of chemical sculpturing is that
it prevents the mechanical weakening of the surface-near grain structure. It
helps in providing smooth surfaces on a sub-micron scale reflecting the crystal
orientation of the grains. By summarizing, sculpturing is sensitive to crystal
orientations and defect etching but insensitive to electropolishing or grain
boundaries.
Figure 2.5: Schematic images of sculptured metal surfaces. (a) Strategy for
sculpturing metal surfaces, and (b) the time evolution of the metal surface
during sculpturing. For Ti, the dark grey areas indicate the Ti bulk matrix.
The mid grey spots correspond to parts being electrochemically more
unstable compared to the bulk Ti matrix, but are inaccessible to
preferential dissolution unlike the light grey ones. For Al and Zn, the
diverse grey shades indicate grain orientations, the black lines grain
boundaries. [Image taken from Ref: [15] with permission from Royal
Society of Chemistry]
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The most stable etched surfaces can be achieved by two distinct path-
ways of sculpturing where the first pathway, shown in Fig: 2.5(a) - in all
sketches z indicates surface normal, is a special kind of chemical dealloying
where the surface purity is enhanced. The second pathway is crystallographic
etching of two types - anisotropic chemical etching and anisotropic electro-
chemical etching. The anisotropic chemical etching is usually done for Al/Al
alloys [16] while anisotropic electrochemical etching is performed for sculp-
turing Zn surfaces.
Fig: 2.5(b), shows the schematic time lapse of surface sculpturing
through three different pathways. In the first pathway, the Ti defect surface
is initially smoothened chemically to make it easily accessible for preferential
etching. This is then followed by selective chemical dissolution of the elec-
trochemically more instable parts. These parts include intermetallic phases
like Ti3Al, precipitates, inclusions, dislocation networks, etc.
As can be seen the surface structure consists of hole-like cavities in
different shapes and various sized cuts. Similarly, the Al structures is devel-
oped through the controlled removal of very thin layers of Al oxide thereby
generating steps and freestanding structures. Whereas in Zinc surfaces, the
anisotropic electrochemical dissolution leads to the growth of pores with ori-
entation based on their crystal structures and the pore walls are passivated
against the direction of the dissolution. These orientations at the surface
lead to the pores being parallelly aligned to each other resulting in increase
corrosion resistance.
It can be seen that there’s a lot of promise in terms of controlling
the surface etching, but the major problem with these methods is they are
conducted on electropositive surfaces like Al, Ti and Zn while the surfaces
of interest in the current project are Cu-Cu alloys which are electronegative
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surfaces.
2.2.1.1 Etch Based Sculpturing of Metal Surfaces
In Ti alloys [15], the etching process is a two step process:
1. Surface is homogenized by photochemical etching dissolved in concen-
trated solution of H2SO4 under red illumination using a high power
LED array from Enfis, Uno Tag Array Red, at 300mA
Figure 2.6: SEM image of Ti and Al surfaces after etch based sculpturing.
[Image taken from Ref: [15] with permission from Royal Society of
Chemistry]
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2. Then, the sample is immersed in 1:1 volumetric mixture of conc. HCl
and conc. H2SO4 for 3 hours. The current work using the modified
version of the following technique where the mixture ratio and the
duration of etching is varied based on the desired structural roughness
Similarly, for Al alloys, the electrolyte used is 7.25wt% aqueous HCl.
The following etching is conducted at room temperature and without any
stirring. Whereas, for the Zn alloys, the etching is performed in an aqueous
0.1mol/l KCl electrolyte with 4.5gm/l PEG-3350 for controlling the viscos-
ity. This step is carried out in a controlled environment of 50◦C where the
electrolyte is pumped throught the cell at 50 rpm under constant pressure.
The surface is nucleated by applying a nucleation pulse of 0.5V which is then
followed by a rectangular pulse of length 5.4s. The pulse is distributed as
4.6s of 0V pulsing at the anode followed by 0.8s of −0.6V negative pulsing
at the cathode in order to create the pores on the surfaces along the lattice
structures. Following which the samples are cleaned using DI water.
2.2.2 Chemical Oxidation
The metal surface is initially cleaned ultrasonically through Acetone for 5
minutes followed by rinsing in Methanol, IPA and DI water. Then the cleaned
sample is taken into a cleanroom and dipped in 2M HCl solution for 30
seconds to 1 minute to remove any existing oxide layers. Then the sample is
dipped in a solution of 3.75 grams of Sodium chlorite (NaClO2), 5 grams of
Sodium hyroxide (NaOH), 10 grams of Trisodium phosphate dodecahydrate
(Na3PO4.12H2O) for every 100mL of DI water. The sample is kept in the
solution at 95◦C for 5 minutes and make sure the copper surface turns black.
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Figure 2.7: SEM image of copper surface post oxidation
This technique is not a very practical solution since brazing happens
around 2000◦C, during which the oxide layer will come off and bare metal
will be left. More insights into this will be explained in the coming sections.
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Chapter 3
Models for Surface Modifications
3.1 Measurement of Liquid Propagation
It is important to understand the physics behind the propagation of the braze
metal and in order to do so, it is necessary to understand the flow across
various surfaces. One such propagation analysis is in superhydrophobic mi-
cropillars. There have been numerous studies to quantify the propagation
using three-dimensional micro/nanostructures such as anisotropic [17], uni-
directional [18], and multilayer spreading [19]. However, there needs to be
detailed understanding of the liquid dynamics while dealing with solid-liquid
interface propagation in order to analyze the wetting and transport behavior.
The first step is to understand the propagation on equally spaced
micropillar arrays. Washburn proposed a model to predict the liquid propa-
gation in capillary tubes by balancing the capillary pressure with the viscous
resistance [20]. Of late, Nam et al. [21] used surface evolver (SE) to simulate
the meniscus shape on the hexagonal pillar arrays. In order to understand
the physics of liquid propagation based on diameter, height and period of
the pillars, study of a semi-analytical model developed by Wang et al [22] is
needed.
The model follows the Washburn approach of equating the capillary
pressure to the viscous resistance, by using the meniscus shape to determine
capillary pressure for height-to-period ratio greater than 1 and used the vis-
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cous resistance obtained through Brinkman’s [23] equation for arrays with
diameter-to-period ratio below 0.57.
The cappilary pressure is defined as the change in surface energy per





where, ∆E is the decrease in surface energy as the liquid fills the unit
cell, ∆V is the corresponding volume of the liquid filling the cell. These were
then calculated using the Surface Evolver (SE) [24].
Figure 3.1: SEM image of a representative micropillar array [Image taken
from Ref: [22] with permission from ACS Langmuir]
Figure 3.1, compares the experimental interface measurements to the
meniscus shape of a certain predetermined diameter and period. As can
be seen in the figure below, the various plots show the three-dimensional
meniscus shape obtained by SE [22].
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Figure 3.2: Comparison of the water meniscus shape from simulation and
experiment. (a) Simulated meniscus shape using Surface Evolver(SE)
whered=6.4µm and l=15µm (b)Image of the water meniscus obtained using
interference microscopy in the same micropillar array as(a). Each dark
fringe corresponds to λ/2n (λ= 405nm is the wavelength of the laser and
n= 1.3 is the refractive index of water) in the relative thickness of the
liquid film. Comparisons of the simulated and measured meniscus along (c)
the red line, AB, (d) the blue line, AD, and (e) the green line, BC. The
ordinates correspond to heights relative to point A [Image taken from
Ref: [22] with permission from ACS Langmuir]
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where γ is the surface tension of the liquid, θ is the intrinsic contact
angle, and rf is the roughness factor on the sides of the pillars. The initial
terms represent the energy change as the liquid wets the sides of the rough
pillar and the smooth bottom surface of the unit cell, respectively. The third
term relates to the energy change due to the formation of the meniscus. Then
by making use of the Young-Laplace equation, the capillary pressure can be
determined by using the mean curvature of the meniscus at the propagating
liquid front.
By making use of the proposed capillary pressure and the viscous
resistance model described earlier, conclusion can be drawn on using the
following model to estimate the propagation distance as a function of time:




where K is the viscous resistance which is defined by the ratio of the pressure























is the propagation coefficient.
The following theoretical study is important in understanding the im-
portance of flow distance at a particular capillary pressure and also the get
the relation between the effective propagation coefficients as compared to the
ratio of the micropillars. The compiled plot is shown in the figure below.
Figure 3.3: Design guidelines for the optimization of pillar array geometries
for h≥l and d/l ≤ 0.57. (a) Effective propagation coefficients predicted by
the model for varying d/l and h/d ratios. (b) Design guidelines for
maximum effective propagation coefficients on micropillar arrays with
various aspect ratios and the corresponding optimal d/l ratios. [Image
taken from Ref: [22] with permission from ACS Langmuir]
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3.2 Analytical Model on the Effect of Surface
Modification
Theoretically, an understanding has been gained to control the surface etch
and what should be the required depth of etch in order to get optimal prop-
agation. Before going on to building the experimental setup and diving into
the data and results, it is important to understand from an analytical stand
point as to whether the current project is even feasible or not. For that is
it necessary to develop an analytical model that can provide conclusive evi-
dence of the understanding of braze flow (liquid propagation) on solid surface
and the various techniques to control the flow.
The main emphasis will be to understand the relation between the
thermocapillary forces and capillary forces acting on the liquid-solid interface.
Through surface modification, by increasing surface roughness, coating of
microscale or nanoscale particles, etching of surfaces, and through nanoscale
particle suspension, it results in deposition of nanoparticles on the surfaces
which lead to an increased critical heat flux (CHF) through enhanced liquid
spreading over the heated area [25, 26]. This usually leads to increase in
surface wettability, increase in microscale cavities thereby acting as sites for
heterogeneous nucelation of liquid for bubble formation [27,28].
Nanowires contain many orders of magnitude more cavities and pores
as compared to micro fabricated surfaces, and hence increase the nucleation
site density and surface roughness. Due to this, the effective heat transfer
can be drastically increased with the use of micro pin fins [29]. Also these
wire surfaces could act as efficient wicking surfaces, since they provide a very
large capillary force which is inversely proportional to pore size. Due to these
reasons, it can be assumed that CHF and heat transfer can be enhanced using
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nanowire arrays.
The CHF due to the capillary limit (qCHF,c) can be calculated by











where µl is the viscosity of the liquid, K is the permeability of the
wicking structure, CE is the Ergun coefficient [31], D is the liquid flow
distance(2.54cm sample overlap for the current study, and ϕs is the porosity
of nanowire subarray (obtained through the alicona readings), representing
each bundle of nanowires separated by the cavities.
In order to obtain the permeability, the Carmen-Kozeny model is used
[31] to obtain: K = ϕsd
2/[180(1− ϕ)2] and CE = (0.018/ϕ3)1/2.
It is known that heat of vaporization is given by Q = mhlv which is
equivalent to AqCHF,C = V ρlhlv. Making use of this relation critical flow





In order to understand the effect of surface modification, it is needed
to relate the marangoni number to the capillary number. The marangoni
number is a dimensionless number given by the ratio of thermocapillary sur-
face tension forces to the viscous forces acting on the part of the surface.
The thermocapillary forces are induced due to the temperature difference
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between the surface and the melting braze alloy material. The marangoni








where, α is the thermal diffusivity, µl is the dynamic viscosity.
In fluid dynamics, the capillary number (Ca) is defined as the ratio of
the viscous forces to the surface tension force acting across the interface. The
surface tension forces on the interface are obtained by wicking or induction of









By multiplying the Marangoni number and the capillary number, the
following equation is obtained:





Ma · Ca = Thermocapillary forces
capillary forces
(3.11)
In order for the experiment to be relevant it is necessary to obtain val-
ues where the capillary forces dominate the thermocapillary forces thereby
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emphasizing that wicking of surfaces is an important attribute towards con-
trolling and enhancing braze alloy flow.
Figure 3.4: Side view of an Alicona scan of a brushed copper sample
To understand the porosity of the surface, alicona readings are ob-
tained. The above image shows how the surface structure contains porosity
and helps in understanding the depth of grooves and consistency of pores.
By collecting 10 successive readings good average for the mean roughness of
the surface is obtained.
In order to get a detailed understanding of the plots SEM images of
the various sanded samples and brushed surfaces are collected.
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Figure 3.5: SEM image of 60, 120, 220 and brushed copper
The following image Fig:3.5 shows the surface roughness features by
using SEM. As can be seen here, the brushed copper surface has the most
consistent surface roughness features as compared to brute sanding done on
other surfaces manually. The higher the grit size, the finer the grains are and
thus the finer the roughness features on the surface. Using these the average
roughness profile on the surfaces can be shown as tabulated below:
Table 3.1: Average Roughness profile and Permeability
Sample Type Ra (µm) - Average Roughness Permeability, K
Average - brushed copper 2.47 7.35× 10−4
Average - 60 grit copper 2.72 8.59× 10−4
Average - 80 grit copper 2.05 8.35× 10−4
Average - 120 grit copper 1.96 8.17× 10−4
Average - 180 grit copper 1.62 5.73× 10−4
Average - 220 grit copper 1.52 5.03× 10−4
The samples used to obtain the above table are 1” x 1” samples. The
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manual abrasion process created a sort of crisscross pattern when compared
to the brushed copper surface. This is caused due to the manual application
of sand paper on the surface. During these experiments, smooth copper plates
served as the true baseline. After obtaining the surface roughness, the next
important information needed to analyze the effect of surface modification is
to include the properties of the copper surface being tested.
For the current research, the alloy considered is BCuP-6 (more details




= 8.96 × 10−3; latent heat of vaporization, hlv [ JKg ] = 4.73 × 10
6; surface
tension, σ [ J
cm2
] = 1.65× 10−2; viscosity, µ [ J.s
cm3
] = 4.7× 10−9; porosity, φ =
0.9; Ergun coefficient, CE = 0.157. By making use of the following inputs,
the final tabulated data obtained is shown below:
Table 3.2: Effect of Surface Roughness on Capillary and Thermocapillary
forces
Sample Type Ma.Ca
Average - brushed copper 6.98× 10−3
Average - 60 grit copper 2.18× 10−3
Average - 80 grit copper 3.05× 10−3
Average - 120 grit copper 3.12× 10−3
Average - 180 grit copper 5.07× 10−3
Average - 220 grit copper 3.88× 10−3
The above Table 3.2 shows that the capillary forces dominate ther-
mocapillary forces by a factor of 102. Hence, it can be concluded that the
physics behind the research works successfully and provided the ideal condi-
tions for flow control are obtained, capillary forces can be effectively used to




4.1 Braze Standard Work Sequence
A good braze should always have a good smooth fillet. The fillet is the
alloy that makes a smooth even transition between the tubes being brazed.
The alloy always flows from cold region to the hot region. So the female
part is heated more so that the braze penetrates smoothly and fills the gap
completely. Careful attention should be paid to not try to melt the braze
alloy using the flame. The heat from the base metal should be used to
melt the braze alloy when it is brought in contact with the base metal.
Figure 4.1: Types of Braze Joints
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When brazing two tubes of different sizes, the majority of the heat
should be applied to the larger mass of the tubes. Initially, the tubing and
fitting needs to be preheated equally. This heat applied and the capillary
action will draw the alloy completely around the tube. Careful attention is
to be paid as to adding of a controlled amount of alloy to prevent ”Alloy
Globules” or ”Alloy bumps” on the surface of the joint. This is the most
difficult part of brazing joints and needs to be addressed carefully.
There are three major types of brazing of joints as shown in Fig:4.1.
In the current experiment, the main focus will be on horizontal brazing or
flat-flow brazing. This approach is shown in Fig:4.2 below:
Figure 4.2: Horizontal Braze Flow Technique
4.1.1 Selection of Braze Alloys
Industrially, there are a vast variety of copper based alloys available to be
used to braze the copper coupons. Taking into account the information
provided by Trane INC and the commercial use, the following samples have
been selected for conducting braze testing.
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Table 4.1: Braze Alloy Composition
Braze Alloy Braze Temp Braze Composition Notes
Ag % Cu % P % Zn % Ni %
BCuP-6 1325◦F-
1500◦F









40 30 0 28 2 Corrosion
Resistance
Properties
The alloy BCuP-6 is the most commonly used industrial braze alloy
and is very cheap. In order to recreate industry pattern of alloy flow, the
above alloy was selected. BCuP-4 is a slight variation as compared to BCuP-
4 in terms of slightly higher silver content which alloys for much smoother
flow. Due to the higher silver content, it can be used in smaller clearances
as well. The third alloy, BAg-4 is selected purely for experimental purposes.
The alloy has a very high silver content and thus is very fluidic in nature
as well as much more expensive and not feasible interms of mass production
from an economic stand point. This alloy is mainly selected to understand
the physics of flow with higher silver content in alloys.
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4.1.2 Sample and Gap Dimensions
For the experiment, is it required to initially analyze the braze flow and
understand how to control the flow. It is tough to perform such analysis on
tubes, and thus rectangular shaped copper samples which are three inches
long, half inch wide and 0.093 inches (2mm) thick are used.
Figure 4.3: (a)Two 0.01” shim stocks are sandwiched between the samples
to create a gap of 0.02”. The sample on top is the female part while the
bottom sample is the male part. The surfaces of the samples are adjusted
to be directly parallel to the ground
Initial tests were conducted with samples of smaller thickness, but
due to the high operating conditions (∼ 2000 ◦C) the samples began to melt
before braze flow occurred. The thinner samples were also prone to surface
deformations during the mounting procedure (they are fixed to flattened
stainless steel rods using stainless steel clamps). Based on the thickness
of the samples, the time of heating of the sample changed, and thus the
optimum conditions were accepted as the one mentioned above.
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The gap between the two plates is very important to control since it
alters the thermocapillary action during braze flow and hence needs to be
controlled carefully. After performing multiple dummy tests with different
sizes, it was concluded that it is best to operate with a gap of 0.02”. The
gap size is controlled by sandwiching shim stocks (using a set of 0.01” ±
0.005” discs) between the top and the bottom samples as shown in Fig:4.3.
Additionally, the machine shop in UIUC prepared the rectangular coupons
for testing using water jet cutting to produce evenly sized samples.
4.1.3 Sample Surface with Modifications
Figure 4.4: (a) Longitudinally brushed copper, (b) Laterally brushed
copper, (c) Longitudinally abraded (180grit), (d) laterally abraded male
part (80 grit), (e) laterally abraded female part (80grit), (f) side view of a
well brazed joint, and (g) top view of a well brazed joint
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The above figure, Fig: 4.4 shows the top view images of some of the abraded
surfaces being used and Fig:4.4 (f,g) show the side and top view of a well
brazed surface. Sandpaper with various grit sizes were used to manually
abrade the surface. Also involved is machining of brushed copper surfaces.
These samples were then etched using the techniques mentioned in the pre-
vious chapters to obtain more controlled and more consistent surface modi-
fications in order to obtain better control over the flow of braze alloy during
brazing and wicking.
4.2 Experimental Setup
Initially the tests were suggested to be operated in correlation to the operat-
ing conditions as observed in an industry. So initial tests were conducted on
manual experimental setups. During the design of the manual experiment
setup, there were numerous choices of gases to be used as fuels, but keeping
in mind both safety factors and cost of the gas, propane gas was selected.
The required training was thoroughly conducted and the operators were well
versed as to the safety precautions to be taken while operating the torch.
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4.2.1 Manual Experimental Setup
Figure 4.5: Experimental Setup
As shown in the above Fig: 4.5, it consisted of a vertical track to mount the
camera, and a multi-stage actuator to precisely control the plates mounted on
them. Two fire extinguishers were placed close by in the lab for safety. The
operating conditions of the air-fuel mixture was obtained based on the preset
industry standards. The IR camera was used to observe thermal images of
the flow across the plates and used to obtain the flow velocities. The table
used was a breadboard and the samples were clamped using stainless steel
clamps. The camera mounted on the top was used to obtain top view images
of the flow. The torch as well as the tanks were mounted with flashback
arresters.
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Figure 4.6: Top view of Experimental Setup
The following Fig: 4.6 is the top view analysis of the braze flow. The
camera was mounted with a rotatable and movable arm in order for obtaining
ease of operation. Heat shielding was provided on all three sides and steps
were taken to shield the IR camera from the radiation of the torch. During
the initial trials, the data obtained was poor due to handling errors. This
called for the automation of the whole setup to obtain more repeatable data.
4.2.2 Automatic Brazing Setup
Initially, runs were conducted using manual brazing which is how testing
takes place in Trane INC. It was noticed that due to lack of highly skilled
operators and the necessity for repeatable data, it called for automating the
whole process thereby eliminating the effect of human handling and to obtain
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more repeatable data.
Figure 4.7: (a) Protective equipment (flame barrier, welding goggles, and
welding gloves), (b) Overlapping samples, (c) Infrared Camera, (d) Brazing
torch attached to the linear actuator setup, and (e) 3-axis programmable
linear actuator setup
This led to detailed investigation of the various setups that could
ideally be used to conduct the experiments, within a confined lab space and
keeping financial investment in check. This meant coming up with a three-
axis linear actuator programmable system as shown in Fig:4.7 which would
hold the torch in place during the entire brazing cycle. The setup made use
of an aluminum block which is light in weight to hold the torch firm during
the actuation procedure. A manual ignitor was used to ignite the air-fuel
mixture. The safety gloves could handle spills and very high temperatures.
As can be seen on the torch, they have nobs to control the fuel and air inlet
to the torch tip. The tip used is a twin-tip with 45◦ flame angle. Welding
goggles were used to prevent direct eye contact. Zaber console technology
was used to modify the software to operate as per the requirements of the
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brazing procedure. The software used C# language in order to code the
automation procedure.
4.3 Capillary Action
Capillary Action is the force created by two surfaces which pulls and dis-
tributes the molten filler metal between the metals being joined. Heat aids
in drawing of the alloy into the space.
Figure 4.8: Effect of Capillary Action
If the joint has been made properly, the alloy will be at the bottom
of the inside tube, between the inside and outside tube all the way around
the joint. The bell or fitting should be full of alloy but not overflowing. The
alloy is always attracted to the hottest area. So while heating the metal, the
focus points should be carefully observed.
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Figure 4.9: Braze Alloy Flow due to Capillary Action
The above Fig: 4.9, shows that if heated properly, the alloy will com-
pletely cover the area but will not overflow. So while brazing, it is necessary
to be careful of localized heating and have a strong understanding of heat
dissipation across the metal during the flow.
4.3.1 Types of Flames
There are mainly three types of flames that can be obtained from a torch
depending on the fuel mixture, namely, carburizing flames, oxidizing flames
and neutral flames.
1. A Carburizing flame happens when there is too much gas in the mix. It
is characterized by a gas feather around the central flame and is usually
colored yellow or orange. This flame creates too much soot and should
not be used for brazing
2. An Oxidizing flame happens when there is too much Oxygen in the
mix. It is characterized by a short flame that has a loud hiss. This
also should not be used for brazing. The excess oxygen will also tend
to make the torch pop
44
3. A Neutral flame is the correct flame to use for brazing. It is character-
ized by a well defined central core with no gas feather. This flame will
allow for heating the parts smoothly and evenly and will make a good
braze joint




5.1 Initial Apparatus Setup and Results
The major issue during initial trials was to obtain repeatable results since
a small change in the flame composition gave widely varied results. Also as
the experiments ran through the day, the fixture temperature also rose due
to thermal expansion making it tough to maintain the same conditions. This
called for strict adherence to experimental procedures and completion of a
set of experiments in a single cycle before turning off the flame at the end of
the day. Every morning the flame quality was tested with dummy samples
and once a completely neutral flame was obtained, the dials on the torch
mixer were fixed and unaltered through the course of the day. After every
test, the entire apparatus is allowed to cool down to temperatures below
30◦C before moving on to the next trial. By doing so, while the automated
torch heated the samples, the temperature of the plates during braze flow
was well controlled within a strict accepted range.
5.1.1 Brazing technique
Initially, trials were performed with manual operation of the torch, which
led to numerous discrepancies in the data. To avoid this, automation of the
torch was mandated. The auto brazing technique followed the following set
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of rules:
• Heat the components evenly using a prescribed motion of the torch
flame. The flame is passed over the male part 3 times in a in and out
pattern. Then the flame moves over to the female part and moves over
it 2 times in the same pattern. This is repeated until the parts are
evenly heated.
• Once the part is heated evenly, the torch is moved in a rectangular
pattern from the male to the female, covering the entire overlap length.
The alloy is introduced on the male part close to the joint and the heat
from the male part melts the alloy. The continuous thermal gradient
maintained on the two parts, and helped in directing the alloy towards
the hotter part.
• One major drawback with the rectangular heating was, as the flame
kept moving back towards the male part, the braze alloy kept slowing
down as the braze front was more attracted to the hotter torch than
the heated female part. In order to eliminate this, the duration of pre-
heating the female part was reduced, and during the alloy flow step, the
heat was directed only at the female part, thereby creating a thermal
gradient well directed in the direction of the female part.
This protocol helped to obtain more consistent and repeatable results.
All the results shown in the following sections are based on the same exper-
imental technique.
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5.2 IR Camera Recordings
A thermal imaging camera is a type of thermographic camera used in firefight-
ing. By rendering infrared radiation as visible light, such cameras allow fire-
fighters to see areas of heat through smoke, darkness, or heat-permeable bar-
riers. It forms an image using infrared radiation, similar to a common cam-
era that forms an image using visible light. Instead of the 400700 nanometre
range of the visible light camera, infrared cameras operate in wavelengths as
long as 14, 000 nm (14 µm). Their use is called thermography.
Figure 5.1: IR Camera Placement
The thermal imaging camera consists of five components: an op-
tic system, detector, amplifier, signal processing, and display. Fire-service
specific thermal imaging cameras incorporate these components in a heat-
resistant,ruggedized, and waterproof housing. These parts work together to
render infrared radiation, such as that given off by warm objects or flames,
into a visible light representation in real time.
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Images from infrared cameras tend to be monochrome because the
cameras generally use an image sensor that does not distinguish different
wavelengths of infrared radiation. Color image sensors require a complex
construction to differentiate wavelengths, and color has less meaning outside
of the normal visible spectrum because the differing wavelengths do not map
uniformly into the system of color vision used by humans.
Sometimes these monochromatic images are displayed in pseudo-color,
where changes in color are used rather than changes in intensity to display
changes in the signal. This technique, called density slicing, is useful because
although humans have much greater dynamic range in intensity detection
than color overall, the ability to see fine intensity differences in bright areas
is fairly limited.
In the current research, the IR camera is used to obtain thermographic
images of the plates and to visualize the braze flow. The monochromatic
images are used to visualize the motion of the braze flow. By using live
video of the flow during brazing, better control is achieved over the amount
of braze alloy to be used for brazing.
Figure 5.2: Monochromatic Images of Braze Flow
By using the following images, and taking aid of the pixel length,
starting and ending pixels, along with the duration of braze, the braze flow
velocity of the alloy on the joints can be calculated.
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Figure 5.3: Monochromatic Images of Various Surface Modifications
The above image shows the various types of modified surfaces along
with the corresponding monochromatic representations of braze flow. The
same used were sanded using various grit size (60 grit, 80 grit, 120 grit, 180
grit, 220 grit) sand paper both laterally and longitudinally. Also a dremmel
tool was used to create deep scores to control the flow. In order to understand
the exact requirement of the groove, scores of various depths and thicknesses
were tested.
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5.3 Braze Flow Velocity
The images obtained from the IR recordings were used to understand the
flow of the braze alloy. The duration of motion of the braze alloy in the
3T-4T overlap was used in order to calculate the flow velocities. The figures
below show the flow velocities for the three different types of braze alloys
used.
Figure 5.4: Braze Flow Velocity of BCuP-6
As can be seen in the above Fig: 5.4, the use of longitudinal abrasion
has helped to increase the flow velocity as compared to the flow velocity
on plain copper. It can be seen in the following figure that the flow does
not linearly increase with finer grain size. Initially, with very fine grain size
abrasion, the grooves are too small for the braze to flow through them and
thus it doesn’t exact flow uniformly within the grooves. As the grain size
becomes bigger, the flow increases till it reaches an optimum grit size. Beyond
this, the grooves are much larger than the optimum, and thus it takes longer
for the braze to cover the depth of the groove before moving forward.
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A general trendline to be noticed in terms of the lateral abrasion is
that the grooves slow down the speed of the braze flow. Although not by
much, since the groove depths are not large enough for the wicking effect to
take prevalence. In order to increase the effect of wicking, deep scores were
used with half the score depth as compared to the thickness of the sample
and as can be observed in the figure above, the deep score slows down the
braze flow by three-folds.
Figure 5.5: Braze Flow Velocity of BCuP-4
The above Fig: 5.5, shows that the longitudinal braze flow is faster
as compared with plain copper while lateral flow is either slower or equal
compared to plain copper. It was also noticed that the brushed longitudinal
copper is faster than plain copper while laterally brushed copper is slower.
Both these follow the common trendline. This follows closely with BCuP-6
flow velocities in terms of longitudinal being faster and lateral being slower
compared to plain copper.
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Figure 5.6: Braze Flow Velocity of BAg-4
The above Fig: 5.6, clearly shows that the longitudinal abrasion helps
to increase the speed of the braze flow while the deep score drastically im-
pedes the flow.
By making use of the table shown in Table: 5.1, it is concluded that
the best conditions for braze flow are to use 180 grit longitudinal abrasion
till the end of the braze and use a deep score to slow down the braze flow.
Through the use of deep score, braze build up on the bottom and edges of
the joints can be prevented.
By using the combination of the 180 grit longitudinal braze flow, flow
of braze alloy can be increased as well as due to the new technique of heating
more on the female side to induce capillary forces, flow enhancement can
be achieved. This also helps to reduce voids in the joints and increase the
strength of the braze joint. The deep score at the end also helps to increase
the strength of the braze as well as prevent also alloy losses due to overflow.
53














Plain Copper 0.71 0.15 21.70 0.56 0.20 36.00 0.22 0.02 11.23
60 Long 0.92 0.05 5.91 0.51 0.12 24.06 0.66 0.13 19.24
80 Long 0.96 0.06 6.74 0.49 0.16 33.78 0.65 0.04 5.63
120 Long 1.17 0.11 9.28 1.14 0.32 28.43 0.63 0.13 20.31
180 Long 1.08 0.11 9.83 0.90 0.43 47.70 0.92 0.13 14.28
220 Long 0.99 0.17 16.80 0.71 0.16 22.52 0.81 0.05 6.74
60 Lat 0.68 0.15 22.00 0.55 0.05 8.77 0.21 0.03 15.42
120 Lat 0.72 0.23 32.52 0.55 0.04 6.70 0.10 0.00 4.42
220 Lat 0.66 0.32 47.72 0.25 0.09 35.79 0.10 0.02 15.46
Brushed Long 0.40 0.07 16.67 0.67 0.07 10.81 0.14 0.02 11.04
Brushed Lat 0.32 0.09 28.63 0.53 0.16 30.18 0.11 0.05 45.72
Deep Score 0.12 0.05 41.68 0.23 0.06 28.28 0.07 0.01 16.11
2 Deep Score - - - - - - 0.08 0.01 8.39
After gaining a good understanding of what the optimum conditions
for braze flow enhancement are, the focus shifts to the next stage of the setup
which is to braze tubes and along with that also conduct mass analysis to




Numerous braze samples were sent to Trane INC for tensile testing. Based
on their recommendations further changes were made to the braze procedure
and retested. Following evidence of successful testing of the joints, the next
stride was taken to braze tubes. A brief run through of the test results are
mentioned below.
5.4.1 Strength Test Results
5.4.1.1 Initial Results
In the initial tensile results, the test apparatus used is shown in the below
Fig: 5.7.
Figure 5.7: Tensile Strength Test Apparature
The below Fig: 5.8, shows the various locations of tensile failure and
the reasons for the corresponding failure.
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Figure 5.8: Tensile Failure Location and Results
During the testing phase, the samples were brazed with different over-
lap in the joints and the reason for failure for each of the joints are mentioned
in the above figure. After conducting the these tests, the following recom-
mendations and changes were suggested:
• Reduce copper plate thickness from 0.093” to 0.062”
• Decrease joint gap from 0.02” to 0.01”
• Reduce coupon overlap from 5T to 3T (where T is the thickness of the
sample)
• Use scoring depth of 0.75T to 1.5T for optimal brazing of joints
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• Provide supports on the sides to avoid any angular alignment of the test
coupons. In the initial tests, some of the coupons were not vertically
aligned and thus instead of a tensile test, it became a shear test which
needs to be avoided.
5.4.1.2 Modified Coupons Results
Once the recommended changes were suggested, it was noticed that the re-
sults got much better. Although the supports for the coupons helped reduce
the angle, it was not precisely 0◦. This can easily be nullified while working
with tube geometries.
While performing strength tests, one major indicator to keep track
of is where the failure occurs. For enhanced braze strength, failure should
occur in the base metal and not the braze.
Figure 5.9: Tensile Strength Test Results
57
All samples with longitudinal abrasions except 60 grit failed in the
base metal. These samples also had the highest braze flow velocities. All
the samples with lateral albrasions except 60 grit failed in the braze. All
deep scores also failed in the braze. This shows that by enhancing the braze
velocity the braze tensile strength of the samples can also be controlled.
It can be seen that from Fig: 5.9, that the tensile strength of the joint
in general qualitatively correlates to braze flow velocity. The microstructures
that had high braze flow velocities also show tensile strengths high enough
that failure occurred in the base metal. As such the strength indicated
was equivalent or greater than plain copper. But for the microstructures
with braze flow velocities near or below the plain copper samples, tensile
failure occurred in the braze joint and appeared to be consistent with braze
flow velocity. This qualitative correlation between braze flow velocity and
tensile strength provides the confirmation to proceed to tubes, that are more
representative of HVAC applications.
During these results, it was observed that voids were more prevalent in
deep score joints. Deep score joints had excess braze material which extended
past the score. This led to further strengthening of the joint. Due to the
score, there was poor braze alloy filling which led to decrease in the tensile
strength. Thus, it is recommended to develop a controlled brazing technique
to ensure that the joints are properly filled with braze material.
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Chapter 6
Current and Future Work
New structures were designed based on the inputs obtained from the afore-
mentioned results for accommodating tube geometries. Stainless steel based
fixture was designed to hold the tubes vertically for vertical brazing. The
Zaber technology software was changed to operate for brazing of tube ge-
ometries. Surfaces with 120 grit longitudinal, 180 grit longitudinal and 220
grit longitudinal abrasions were used. Also surfaces also incorporated for 60
grit lateral, 120 grit lateral and 220 grit lateral modifications.
These grits were chosen because they had the highest flow velocity
according to the data obtained from the results. BCuP-6 was used as the
brazing alloy. Three duplicates of each sample were sent to Trane INC for
tensile testing, burst testing and sectioning analysis. Currently awaiting the
results from these tests.
6.1 Tube Geometry Setup
The fig: 6.1 below shows the stainless steel fixture to hold the tubes vertically.
The fixture is designed to slot tubes of 3/8” and 1/2” radial diameter. The
Zaber technology software is modified to perform vertical up brazing on the
tube joints. The stainless steel mount is held like a cantilever load from
one of the precision actuators. By using tubes with different ends, the tube
to be brazed can easily slot into the female part and also eliminate angular
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displacements.
Figure 6.1: Experimental Setup with Tube Holders
Figure 6.2: Top View of Operation of Tube Holder Setup
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6.1.1 Images of Brazed Tubes
Three duplicates of each of the test samples were brazed and sent to Trane
INC for tensile testing, burst testing and sectioning analysis. Currently
awaiting the results from these tests. The image below Fig: 6.3 shows the
post braze representation of the samples.
Figure 6.3: Images of Brazed Tubes
6.1.2 Surface Modifications in Tube Brazing
The table: 6.1, shows the list of all the surface modifications, tube diameters
and braze alloys which have been used. Two common tube diameters (1/2”
and 5/8”) were chosen. The surface modifications were selected based on the
flow velocity data and tensile results. At least six tubes were brazed for each
combination of surface modification, alloy and diameter, four of the tubes
were sent for burst testing at Trane Columbia, and two of the tubes were
sent for sectioning and radiographic at Trane LaCrosse. Testing results are
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expected to be available in the next couple of weeks.
Table 6.1: List of Brazed Tube Samples







120 Long BCup-6(5/8), BCuP-
4(5/8), BCuP-4(1/2)
6
180 Long BCup-6(5/8), BCuP-
4(5/8), BCuP-4(1/2)
6
220 Long BCup-6(5/8), BCuP-
4(5/8), BCuP-4(1/2)
6
60 Lat BCup-6(5/8), BCuP-
4(5/8) ,BCuP-4(1/2)
6
120 Lat BCup-6(5/8), BCuP-
4(5/8), BCuP-4(1/2)
6
180 Lat BCup-6(5/8), BCuP-
4(5/8), BCuP-4(1/2)
6
Plain - DS BCuP-6(5/8) 3
120 Long - DS BCuP-6(5/8) 6
180 Long - DS BCuP-6(5/8) 6
60 Lat - DS BCuP-6(5/8) 6
120 Lat - DS BCuP-6(5/8) 6
180 Lat - DS BCuP-6(5/8) 6
Surface modifications were made by creating uniform abrasion on the
outer surface of the male end of one tube and the inner surface of the female
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end of the other tube in the joint as shown in Fig: 6.4. All the surface
modifications steps were performed by a single operator and the lathe was
used to machine deep scores or continuous grooves on the male end of the
tubes according to the dimensions listed in geometry 1 in Fig: 6.4. The
surface of the tube above the groove was then abraded using sandpaper.
The width of the groove is equal to 2T (T = thickness of tube wall), depth
of groove is 0.5 and the bottom end of the groove is located 0.5T away from
the end of the tube. Mass of tubes before and after brazing were measured
using a precise mass scale (F&D FX-300i, ± 0.001g) and recorded, the mass
of the braze alloy used was calculated from this data.
Figure 6.4: Tube Geometry and Dimension of Scores
6.2 Mass Analysis of Tube Brazing
Mass data for 5/8” tube brazed using BCup-6 (shown in Fig: 6.5 and Fig:
6.5 ) showed that 120 grit longitudinal surface abrasions resulted in the least
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amount of braze alloy used during the brazing process. Incidentally, 120
and 180 grit longitudinal surface modifications resulted in the highest tensile
strengths for the rectangular test coupons. The deep score samples showed a
much higher increase in mass after brazing did not follow the same trends as
their non-grooved counterparts which points to the fact that the volume of the
groove was too high and that the trials with different surface modifications
resulted in incomplete filling of the groove.
Figure 6.5: Comparison of mass increase after brazing for different surface
modifications (BCuP-6, (5/8))
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Figure 6.6: Braze Alloy Savings (BCuP-6, (5/8))
Improvements have been made to the design of the groove as shown
earlier in Fig: 6.4 with geometries 2,3 and 4 in an effort to minimize the vol-
ume of the groove while maintaining its functionality. Figs: 6.7 and 6.8 com-
pare the performance of different alloy for different tube geometries. BCuP-4
(5/8) experiments showed that 180 grit longitudinal surface modifications re-
sulted in the highest amount of savings. However, the results did show some
inconsistencies when compared to BCuP-6 (5/8). This disagreement is un-
expected and is being analyzed further, with one possible explanation being
the increase in tube wall thickness in the 1/2” diameter tubes (0.031” when
compared to 0.021” for the 5/8” tubes). Average wall clearance for the 1/2”
diameter tubes are being calculated, and new tube samples with lower wall
thickness have been order and plans are in place to braze them and send to
Trane for further testing.
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Figure 6.7: Comparison of Mass Increase after Brazing for Different Alloys




In summary, there were pre-existent evidence by notion of intuitive thinking
that by modifying surfaces, the flow characteristics could be altered. The
project focused on developing a semi-analytical model to validate the ex-
isting notion of surface modifications to increase braze strength and braze
quality. Thorough study was conducted to understand the pattern of liquid
propagation and to use the designed model to prove that the project is infact
nonredundant.
Initial tests conducted with manual brazing showed poor repeatability
in its results which necessitated for the need to have an automatic brazing
setup. Numerous designs were tested before coming up with a definitive
approach of auto brazing for experimental analysis. The analysis of brazing
on rectangular coupons showed that the use of 120 grit or 180 grit longitudinal
scores on the surface helped to enhance braze flow while the use of either a
deep scores or multiple shallower scores provided the required wicking effect
to stop the flow of braze alloy.
The test reports showed that, when the microstructures had high braze
flow velocities, they also showed tensile strengths high enough such that
the failure occurred in the braze joint and thereby further strengthen the
reasoning that surface modifications could infact help to better the braze
strength and braze quality.
Taking the obtained insights from brazing rectangular coupons and
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the tensile strength data, the emphasis moved to brazing of copper tubes
which is the main area of relevance in the project. The test fixture was al-
tered to allow for brazing of tubes using the vertical up braze technique. The
initial results of mass analysis in BCuP-6 showed that 120 grit longitudinal
and 180 grit longitudinal surface abrasions resulted in the least amount of
alloy consumption during the braze process. Incidentally, 120 grit and 180
grit longitudinal had also shown higher tensile strength during testing of rect-
angular test coupons. This further emphasized that the data obtained from
rectangular coupons can be used to determine the pattern that is expected
during analysis of tubes. However, the results did show some inconsistencies
in different tube diameters and one plausible reason is the thermal conduction
through tubes of different wall thickness. Further tests are being conducted
to understand the following data obtained from various diameter tubes.
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[1] D. QuÃerÃe, “Rough ideas on wetting,” Physica A, vol. 313, pp. 32–46,
2002.
[2] A. Bussonnière, M. B. Bigdeli, D.-Y. Chueh, Q. Liu, P. Chen, and P. A.
Tsai, “Universal wetting transition of an evaporating water droplet on
hydrophobic micro-and nano-structures,” Soft matter, vol. 13, no. 5, pp.
978–984, 2017.
[3] T. Young et al., “Iii. an essay on the cohesion of fluids,” Philosophical
transactions of the royal society of London, vol. 95, pp. 65–87, 1805.
[4] R. N. Wenzel, “Resistance of solid surfaces to wetting by water,” Indus-
trial & Engineering Chemistry, vol. 28, no. 8, pp. 988–994, 1936.
[5] A. Cassie, “Contact angles,” Discussions of the Faraday society, vol. 3,
pp. 11–16, 1948.
[6] A. Cassie and S. Baxter, “Wettability of porous surfaces,” Transactions
of the Faraday society, vol. 40, pp. 546–551, 1944.
[7] J. Bico, C. Tordeux, and D. Quéré, “Rough wetting,” EPL (Europhysics
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